In multiple sclerosis (MS), autologous hematopoietic stem cell transplantation (AHSCT) induces a profound suppression of clinical activity and MR imaging-detectable inflammation, but it may be associated with a rapid brain volume loss in the months subsequent to treatment. The aim of this study was to assess how AHSCT affects medium-term evolution of brain atrophy in MS.
I
n the last few years, autologous hematopoietic stem cell transplantation (AHSCT) has been used to treat severe and progressive multiple sclerosis (MS), which was refractory to conventional treatment. 1 The rationale for AHSCT treatment in MS, which is basically an autoimmune disease, is to eradicate the abnormal immune system and establish a new and more tolerant one. 1 Four studies have shown that AHSCT has a dramatic effect in reducing the number of "active" lesions as seen on T2-weighted and T1-weighted enhanced MR images in patients with secondary-progressive (SP) MS. [1] [2] [3] [4] This latter effect seems to persist more than 3 years after the transplantation. 3, 5 In contrast, brain tissue loss was shown to occur at a very rapid pace, soon after 4 and during the first 2 years after AHCST. 5 Clearly such a rapid brain tissue loss is troublesome, because it may precede the accrual of disability in MS, 6 and AHCST is a potentially lethal treatment associated with severe adverse effects. 1, 7 The mechanisms that have been proposed to contribute to brain tissue loss after AHSCT (ie, "pseudoatrophy" because of resolution of inflammatory edema, axonal injury secondary to the florid pretreatment disease activity, and the chemotoxicity of the drugs used for immunoablation) [1] [2] [3] [4] are all likely to be transient. Therefore, such a detrimental effect of AHSCT on the integrity of the brain tissue may be limited in time. However, the temporal profile of brain tissue loss in patients with MS after the first 2 years following AHSCT remains unknown.
In this 3-year follow-up MR imaging study of 14 patients treated with a maximum immunoablative conditioning scheme for rapidly evolving SPMS, 3 we investigated the medium-term dynamics of brain tissue loss and obtained additional information on the temporal relationship between suppression of MR imaging-visible inflammation and the rate of atrophy after this treatment.
Methods
Fourteen patients with rapidly evolving SPMS were enrolled in a study of stem cell transplantation using a protocol that aimed at maximum T-cell suppression. 3 Patients were considered as having a rapidly evolving disease if they had an Expanded Disability Status Scale (EDSS) score between 5.0 and 7.0 (7.0 excluded), an EDSS score of at least 3.0 at 2 years after diagnosis, an EDSS increase of at least 1.0 in the previous 2 years if the EDSS score was at least 5.5 or at least 1.5 if the EDSS score was 5.0. 3 Bone marrow was aspirated from the posterior iliac crest and CD34 ϩ stem cells were selected using affinity columns. The conditioning regimen consisted of anti-thymocyte globulin (lymphoglobulin or horse serum) at a dose of 15 mg/kg intravenously from days Ϫ7 to Ϫ3. On days Ϫ4 and Ϫ3, cyclophosphamide was added at a dose of 60 mg/kg intravenously, combined with mesnum (15 mg/kg; 4 times each day). Total body irradiation was given in 2 fractions of 5 Gy, at days Ϫ2 and Ϫ1. On day 0, the autologous graft was thawed and reinfused using a central venous catheter. Prednisolone (1 mg/kg twice daily) was given concurrently and tapered after stem cell reinfusion. Further details about the study population, inclusion/exclusion criteria, study design, and treatment regimen are reported elsewhere. 3 Using a 1.5T scanner, brain dual-echo, precontrast and postcontrast T1-weighted scans were obtained 3 months before stem cell transplantation and then at every scheduled visit. For all of the scans, sections were axial with a thickness of 5 mm and an in-plane resolution of approximately 0.9 ϫ 0.9 mm. The detailed MR imaging acquisition protocol was presented in the original publication. 3 Percentage of brain volume changes (PBVCs) and cross-sectional normalized brain volumes (NBVs) were measured on precontrast T1-weighted images, using Structural Image Evaluation of Normalized Atrophy (SIENA) and SIENAX. 8 These are highly automated segmentation techniques, which require only minimal manual input from human observers and, as a consequence, provide highly reproducible results. In both methods, the first stage is the extraction of the brain from each input MR image(s) using the Brain Extraction Tool. The original images are then registered to a canonical image in a standardized space. In the longitudinal method, to estimate changes between the images, SIENA finds all of the brain surface edge points by using tissue-type segmentation and then correlates differentiated 1D perpendicular profiles taken around the position of these points in both images. Taking the mean perpendicular edge motion over all of the edge points and converting this into PBVCs quantifies brain atrophy. The normalizing factor in the conversion is found by a selfcalibration step, which involves finding estimated atrophy on an artificially scaled version of one image with respect to itself. In SIENAX, a similar registration process is applied, but instead of a second time point image, standard space average brain and skull images are used. The estimate of brain tissue volume for a subject is then multiplied by the normalization factor to yield the NBV. The accuracy of SIENA has been shown to be independent of section thickness and to range from 1 to 6 mm. 8 The following metrics were obtained from each patient:
the NBV at month 1 (as suggested previously, 4 this was considered the "baseline" scan, because at this time point enhancement was already profoundly suppressed, 3 and we tried to minimize the risk of measuring "pseudoatrophy" because of resolution of edema on follow-up scans) and the PBVCs between baseline and month 12, months 12 and 24, and month 24 and the last follow-up scan (month 36 or, for one patient, month 48). The correlations between the number of enhancing lesions in the pretreatment period and the PBVCs during treatment were assessed using Spearman rank correlation coefficient.
Results
Eight women and 6 men with a mean age of 38 years (range, 23-50 years), a median baseline EDSS score of 6.0 (range, 5.0 -6.5), and a median disease duration of 5 years (range, 2-12 years) underwent AHCST. The demographic and baseline characteristics of the patients studied and the effect of AHCST on disability progression have been reported previously. 3 A complete suppression of Gd enhancement during the follow-up was observed. 3 All of the 14 enrolled patients had an MR imaging scan usable for volumetry assessment at baseline and at month 12, 11 at month 24, and 9 at month 36 or 48 (1 patient). The mean NBV at baseline was 1490 mL (SD, 21 mL).
The median PBVCs between baseline and month 12 were Ϫ2.33% (range, Ϫ3.66% to 1.54%) in the whole cohort of patients and Ϫ1.35% (range, Ϫ4.27% to 0.21%) between months 12 and 24 in the 11 patients with MR imaging at this time point. When the 9 patients with a follow-up of at least 36 months were considered, the median PBVCs were Ϫ1.92% (range, Ϫ3.66% to 1.54%) at month 12, Ϫ1.35% (range, Ϫ4.27% to 0.41%) at month 24, and Ϫ0.69% (range, Ϫ0.99% to 0.33%) at final follow-up.
The number of enhancing lesions seen on the pretreatment scans was significantly correlated with PBVCs between baseline and month 12 (r ϭ Ϫ0.62; P ϭ .02), whereas no correlations were found with PBVCs measured over the second and third years after AHSCT. No correlation was found between NBV at baseline and subsequent PBVCs. At baseline, NBV was significantly correlated with EDSS score (r ϭ Ϫ0.67; P ϭ .01), whereas there was no correlation between PBVCs and EDSS change over time.
Discussion
We explored the dynamics of brain volume changes over 3 years in a group of patients with rapidly evolving SPMS treated with an AHSCT protocol that was aimed at maximum T-cell suppression and included total body irradiation (5 Gy) and high-dose cyclophosphamide. 3 This treatment protocol resulted in a complete suppression of enhancements, which lasted for the entire trial duration. 3 This fits with previous AHSCT trials of MS based on less aggressive immunoablative treatments, 1,2,4,5 which, however, showed that the effect of AHSCT, despite being marked on formation of enhancing and new T2 lesions, was negligible, if not detrimental, on the progression of brain atrophy over the first 2 years after treatment. 4, 5 In this study, we assessed how aggressive AHSCT affected the temporal evolution of brain atrophy over a 3-year follow-up period in patients with SPMS. The duration of the trial is an important aspect of this study, because the observed mismatch between the effect of a given treatment on MRdetectable inflammation versus neurodegeneration in MS is not a unique finding of AHSCT, 9 and the relatively short durations (typically 1-2 years) of these studies have been suggested as one of the possible explanations for such a mismatch, 9, 10 that is, the time needed to detect the complete effect of inflammatory activity on irreversible brain damage might be longer than that of available studies.
In the present cohort, the median brain volume decreases at months 12 and 24 agree with data from another cohort of patients with SPMS who were treated with AHSCT, 5 thus confirming that brain volume loss proceeds at a rather sustained pace in the first 2 years after such a treatment, a pace that is faster than that expected from natural history studies of patients with SPMS. 10 This may be secondary to the fact that patients of both studies had a severe and rapidly progressive form of MS, which was in a very active phase at the time of enrollment. The most intriguing finding of this study, however, stems from the analysis of the third-year scans, which shows that the rate of brain volume loss is reduced by approximately 50% in comparison with that observed during the first 2 years, thus becoming similar to the one commonly observed in patients with less aggressive forms of the disease. 10 This fits with the observation of another AHCST trial where corpus callosum area was measured over 3 years. 11 Clearly, because we do not know the pretreatment rate of atrophy of these patients, we cannot comment on whether AHSCT has any effect on brain atrophy progression. However, the third-year finding of a significant reduction of the rate of brain atrophy
